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Abstract:  6 

We investigate the veracity of the reports by Iwata & Umeno (2016, 7 

https://doi.org/10.1002/2016JA023036) and Iwata & Umeno (2017, 8 

https://doi.org/10.1002/2017JA023921), both of which claimed that the observed 9 

perturbations in GNSS-based ionospheric total electron content (TEC) could serve as a 10 

"precursor" of large earthquakes based on correlation analysis. Iwata & Umeno (2016) 11 

defined the spatial correlation of the residuals between the observed and predicted TEC 12 

time series and reported that the values are significantly larger before large earthquakes 13 

than those observed during non-earthquake periods. Iwata & Umeno (2017), who applied 14 

the same method to other large earthquake, claimed that the preseismic ionospheric 15 

disturbances can be distinguished from other non-earthquake phenomena based on the 16 

small percentage of area where the correlation value exceeds the criterion. They also 17 

claimed that the low propagation velocity of the correlation peaks is also a pre-seismic 18 

characteristic. Here we tested their claims using a larger dataset. As a result, these three 19 

characteristics they claimed to have captured as evidence of earthquake precursors are 20 



not significant being frequently observed during normal (non-earthquake) days. In 21 

addition to that, the criteria Iwata & Umeno (2017) cannot be applied to the large 22 

earthquake discussed by Iwata & Umeno (2016), and vice versa. Therefore we can find 23 

no basis for claiming that they detected precursors to the earthquakes. Procedure of C(T) 24 

calculation shows that C(T) is more of an indicator that amplifies small variations 25 

synchronized between nearby stations, like medium-scale traveling ionospheric 26 

disturbances rather than earthquake precursors.  27 

 28 

1. Introduction 29 

Heki (2011) triggered a debate between researchers about existence of precursory 30 

change of ionospheric total electron content (TEC) before large earthquakes. He claimed 31 

to have found anomalous enhancements in TEC starting ~40 minutes before large 32 

earthquakes. Several researchers pointed out the possibility that he was looking at TEC 33 

change due to solar-related sources, rather than earthquakes (Utada & Shimizu, 2014; 34 

Masci et al., 2015), and others pointed out that changes in TEC could be a methodological 35 

artifact (Kamogawa & Kakinami (2013), and later Eisenbeis & Occhipinti (2021)). Then, 36 

Heki and co-authors improved the method and introduced an objective index and 37 

threshold for anomaly detection and then claimed that it is unlikely that the anomalies 38 



occurred by chance before earthquakes based on the low frequency of solar-related 39 

anomalies detected by their threshold (Heki & Enomoto, 2015), although which is still 40 

been criticized that the frequency was underestimated (Ikuta et al., 2020, Tozzi et al., 41 

2020). In such a situation, Iwata & Umeno (2016; hereafter I&U16) and Iwata & Umeno 42 

(2017; hereafter I&U17) proposed a correlation analysis of TEC time series between 43 

Global Navigation Satellite System (GNSS) stations, and claimed to have successfully 44 

identified the emergence of precursory TEC anomalies approximately 1 hour before both 45 

the 11 March 2011 Mw 9.0 Tohoku-Oki earthquake (I&U16) and 15 April 2016 Mw 7.3 46 

Kumamoto earthquake (I&U17). I&U16 have claimed that they were able to detect 47 

precursory TEC changes with high correlation values (up to C(T)=25), which are much 48 

larger than the upper limit (C(T)=5) for non-earthquake days (normal days) they showed, 49 

such that these precursory earthquake signals can be distinguished from other signals. 50 

C(T) is described in the next section. In addition to the 2011 Tohoku-Oki earthquake, 51 

they detected an anomalous area prior to three of the four studied M7-class earthquakes 52 

based on slightly lower correlation values than those determined for the Tohoku-Oki 53 

earthquake case. I&U17 applied the same procedure to the TEC time series before the 54 

2016 Kumamoto earthquake, and claimed to have detected a precursory TEC correlation 55 

change. They also provided two new indicators for distinguishing precursory TEC 56 



anomalies from those of space weather origin: those are “anomalous area rates” and “C(T) 57 

propagation velocities”. 58 

We highlight three problems that arise in the two papers. The first is the degree of 59 

inconsistency between the two papers. The characteristics of the earthquake precursor 60 

reported in I&U16, which is a remarkably large C(T) that is five times larger than the 61 

maximum correlation values for several non-earthquake days was treated as an 62 

unremarkable observation in I&U17 since these values were observed during most of the 63 

eight non-earthquake days (Figures 9 and 10 in I&U17). I&U17 adopted a completely 64 

different set of criteria from I&U16 and did not check whether or not the TEC anomaly 65 

prior to the Tohoku-Oki earthquake in I&U16 met the new criteria or not. The second 66 

problem is the lack of data during the non-earthquake days. I&U16 only showed the C(T) 67 

values for one satellite during four non-earthquake days to highlight their low values. 68 

However, I&U17 found many days with high C(T) values, including some that were even 69 

higher than that before the Tohoku-Oki earthquake (for example, Figures 4, 5, and 8 in 70 

I&U17). It is enough to make us suspect that if more data of non-earthquake days had 71 

been examined in I&U16, a larger C(T) would have been found than that before the 72 

Tohoku-Oki earthquake. I&U17 also lacked data analysis of non-earthquake-day C(T) 73 

values to fully validate their new criteria. Although I&U17 analyzed the TEC data for one 74 



earthquake day and 12 non-earthquake days, the presented results were deduced using 75 

only two satellites during eight non-earthquake days to evaluate the first “anomalous area 76 

rate” criterion and only one satellite during three non-earthquake days to evaluate the 77 

second “propagation velocities” criterion; these are too few data to be treated statistically. 78 

The third problem is the loose criteria and/or lack of quantification in I&U17. They 79 

introduced the anomalous area rate criterion based on an idea that the anomalous area is 80 

smaller in the case of an earthquake precursor than in the case of a signal of space weather 81 

origin. However, their own diagrams (Figures 9 and 10 in I&U17) illustrated that the non-82 

earthquake days possessed comparably small anomalous area rates to that on the 83 

earthquake day. I&U17 also showed that the C(T) peak around the focal area of the 84 

Kumamoto earthquake propagated more slowly than seasonal medium-scale traveling 85 

ionospheric disturbances (MSTIDs), and defined this as the propagation velocity criterion. 86 

However, the velocities they provided as an indicator to distinguish an earthquake 87 

precursor form MSTIDs were 65–168 m/s (Figures 14 and 15 in I&U17), which is within 88 

the MSTID propagation velocity range (e.g. Hunsucker 1982; Hernandez-Pajares et al. 89 

2006). 90 

Here we examine the correlation method developed by I&U16 and I&U17 by applying 91 

it to the days without a large earthquake to evaluate the significance of the reported 92 



correlation values, anomalous area rates, and propagation velocities before the Tohoku-93 

Oki and the Kumamoto earthquakes.  94 

 95 

2. Data Processing 96 

We first calculated the vertical TEC (VTEC) from the Global Navigation Satellite 97 

System (GNSS) phase data provided by the geospatial information authority of Japan. 98 

We then applied the method proposed by I&U16 to the same dataset they analyzed to 99 

ensure that we reproduced their method correctly. Here we provide a brief explanation of 100 

the procedure; see Section 4 and Supporting Information for full details. A portion of the 101 

VTEC time series is first fitted with a regression curve, which is designed to predict 102 

VTEC at a future time. The difference between the observed and predicted VTEC values 103 

in the future time is recognized as an anomaly X(t). The correlation between X(t) at a 104 

central GNSS station and its surrounding 30 stations are then calculated. The average of 105 

the correlations for the 30 pairs is regarded as C(T):  106 

 𝐶(𝑇) =
1

𝑁𝑀
∑ ∑ 𝑋𝑖(𝑡 + 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑗∆𝑡)𝑋0(𝑡 + 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑗∆𝑡)𝑁−1

𝑗=0
𝑀
𝑖=1  (1) 107 

  𝑇 = 𝑡 + 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑡𝑡𝑒𝑠𝑡, 108 

in which N (= 31) is the number of data in the prediction time window ttest (= 15 minutes), 109 

t (= 30 seconds) is a sampling interval, tsample (= 120 minutes) is regression time window 110 

(240 samples), M (= 30) is the number of stations, and Xi(t) is anomaly of i-th station (0 111 



means the central station). We fit the training data for tsample with a septic function to 112 

predict the data for the future ttest to compute X(t). These functions and parameter sets are 113 

the same as those adopted in I&U16. Although I&U16 suggested that they can choose a 114 

range of functions and parameters, and presented differences in the resulting C(T) values 115 

between various functions and parameters, they only quantitatively evaluated the 116 

significance of their result for this parameter sets.  117 

 118 

3. Results and discussion 119 

3-1. C(T)s in non-earthquake days focused by Iwata & Umeno (2016) 120 

Figure S1 shows calculated C(T) time series for satellite PRN26, and Kitaibaraki (0214) 121 

GNSS station (central station) and its 30 surrounding stations on the day of the 2011 122 

Tohoku-Oki earthquake (day of year (DOY) = DOY70) and four selected non-earthquake 123 

days (DOY30, 40, 50, and 60 in 2011). These C(T) variations are similar to those in 124 

figures 1 and 3 of I&U16. The C(T) variations on the earthquake day are about five times 125 

larger than those on the non-earthquake days, as I&U16 claimed. The C(T) values are not 126 

exactly the same but very similar. The discrepancy may be due to small differences in the 127 

data analysis, such as the number of available GNSS stations (out of 30), the inter-128 

frequency bias (IFB) station corrections during the VTEC pre-processing, and other items 129 

that are not outlined in I&U16. We also apply this C(T) calculation to additional data to 130 

test their claims. 131 



We examine C(T) time series during these days at the stations not shown in I&U16 to 132 

determine if C(T) is really as small as they reported. We adopt an elevation mask angle 133 

of 20 degrees for our C(T) calculation to suppress any unrealistic C(T) increases due to 134 

large VTEC variation near the horizon including multipath effects. This means that we 135 

do not calculate C(T) if the elevation angle is less than 20 degrees for any part of the 135-136 

min time series of the data. Furthermore, a station is not used as the central station if the 137 

30 surrounding stations do not fall within a 100-km radius of that station.  138 

Figure 1 shows the time series of the maximum C(T) over Japan. The maximum C(T) 139 

values during these non-earthquake days often exceeds five and sometimes reaches 100. 140 

However, I&U16 appeared to ignore these large C(T) values. The maximum C(T) was 141 

especially large on the day of the earthquake (DOY70: Figure 1a) compared with the 142 

other days, but the value on the 04:45–05:45 (UTC) interval, which was focused on in 143 

I&U16 to infer the earthquake precursor (Figure S1a), is relatively small whereas the 144 

02:00-4:00 (UTC) interval possessed significantly larger maximum C(T) values. The 145 

large C(T) during the day of the earthquake (DOY70) might have been due to the 146 

relatively high geomagnetic activity, as suggested by the Kp index provided by the 147 

German Research Centre for Geosciences. The averaged geomagnetic activity indices Kp 148 

for the 00:00 to 09:00 (UTC) interval on DOY30, DOY40, DOY50, DOY60 and DOY70 149 



were 0+, 0, 2, 3− and 5, respectively. Although there is not necessarily a clear correlation 150 

between the Kp index and the maximum value of C(T) (See Figure S4. Large C(T) peak 151 

tends to appear with large Kp), at least for DOY70 (the day of the earthquake) when the 152 

Kp index is significantly larger than other days, the variation of C(T) is very large. A 153 

frequency histogram of the maximum C(T) for the 02:00−10:00 (UTC) interval during 154 

nine non-earthquake days in 2011 (DOY30, DOY31, DOY40, DOY49, DOY50, DOY60, 155 

DOY63, DOY72, and DOY73) is shown in Figure 2. The C(T) values for the non-156 

earthquake days are not necessarily small, as I&U16 claimed. Therefore, our more 157 

comprehensive analysis indicates that the precursory C(T) increase reported by I&U16 158 

with satellite PRN26 at GNSS station 0214 before the 2011 Tohoku-Oki earthquake is 159 

not significantly large compared with the C(T) increases during other periods. 160 

 161 

 162 



Figure 1. Time series of the maximum C(T) values for each of the satellites and all of the 163 

GNSS stations in Japan. (a) The day of the 2011 Tohoku-Oki earthquake (DOY70). The 164 

time of the main shock is indicated by the vertical line. The C(T) values in the shaded 165 

period (05:46–08:46 UTC) are not counted in Figure 2 to avoid the post-seismic 166 

ionospheric disturbances. (b) Forty days (DOY30), (c) 30 days (DOY40), (d) 20 days 167 

(DOY50), and (e) 10 days (DOY60) before the earthquake. 168 

 

Figure 2. Histograms of hourly maximum C(T) during the 02:15–10:00 (UTC) 

interval of nine non-earthquake days (DOY30, DOY31, DOY40, DOY49, DOY50, 

DOY60, DOY63, DOY72, and DOY73 in 2011). Note that the days of Tohoku-Oki 

and Kumamoto earthquakes are not included in the histogram. The C(T) levels reported 

by I&U16 and I&U17 as earthquake precursor are shown by arrows. 

 

 



 

Figure 3 (a) Anomalous area rate against the C(T) peak value for the 14 non-

earthquake periods (See main text). Red circles and asterisks indicate semblance 

values of >0.5 (more coherent wave) and <0.5 (less coherent), respectively. The 

diamond marks the value that was calculated at 05:20 UTC using satellite PRN26 

and central station 0214 before the 2011 Tohoku-Oki Earthquake (DOY70, 5:46 

UTC), which was reported by I&U16. The star corresponds to that before the 2016 

Kumamoto Earthquake (DOY106, 16:25 UTC) at 16:09 UTC using satellite PRN17 

and central station 0087, which was reported by I&U17. The curvature is the linear 

trend of the anomalous area rate relative to the C(T) peak, shown for reference. (b) 

C(T) peak propagation velocities for the peak values. Circles show the values during 

the same 14 non-earthquake period shown in Figure 3a. The circles are color-coded 

to show semblance values. The diamond and star represent the two earthquakes as 

Figure 3a. 
 

 169 

3-2. Anomalous area rate and propagation velocities focused by Iwata & Umeno 170 

(2017) 171 

We next test the significance of the anomalous area rate criterion proposed by I&U17. 172 

They claimed that the anomalous area rate, which is the percentage of stations with C(T) 173 



above a threshold (20) among all of the GNSS stations, clearly proves that earthquake 174 

days and non-earthquake days possess significantly different C(T) values based on the 175 

data for nine days: the earthquake day (15 April 2016) and eight non-earthquake days (1–176 

5 January and 12–14 April 2016). They showed that large C(T) values occurred within a 177 

relatively limited number of stations (~10 %) during the earthquake day, and interpreted 178 

that these observations were due to the fact that these earthquake-precursory anomalies 179 

occur within a narrower range than those caused by MSTIDs. They claimed that large 180 

anomalous area rates were seen on days when MSTIDs were observed. However, small 181 

anomalous area rates were not only seen on the earthquake day. For example, small 182 

anomalous area rates (<10%) were observed on 12 April, 14 April, and 3 January in 183 

Figures 9 and 10 of I&U17 that were comparable with that for the earthquake day. We 184 

test their claim based on the C(T) values that were calculated during the daytime for 12 185 

non-earthquake days (11:15–19:00 local time (LT) for DOY30, DOY31, DOY40, 186 

DOY49, DOY50, DOY60, DOY63, DOY72, and DOY73 in 2011, and DOY96, DOY106, 187 

and DOY116 in 2016) and during the nighttime for two non-earthquake days (19:15 the 188 

day before–5:00 LT for DOY96 and DOY116 in 2016) against the C(T) peak values. 189 

Figure 3a shows the anomalous area rates when the maximum C(T) value exceeded 20. 190 

The anomalous area rates are generally proportional to the maximum C(T). We can see 191 



that there are many cases where the maximum C(T) exceeded 30 whereas the anomaly 192 

rate was <5% for these 14 non-earthquake periods. The pre-seismic values for the 193 

Tohoku-Oki and Kumamoto earthquakes do not appear to be either significant or unique, 194 

as they are buried among other values that are observed during non-earthquake periods. 195 

We finally test their claim of the low propagation velocity of the C(T) peak. The 196 

propagation velocities are estimated for the C(T) peaks discussed above via semblance 197 

analysis. Semblance analysis is a method of determining the velocity of a propagating 198 

wave using an array of observation stations. We assume that the target wave propagates 199 

at a constant velocity, such that the time of the waveform at each station is shifted by the 200 

time difference based on the assumed velocity vector, with the shifted waveforms for each 201 

station then summed according to the following semblance equation: 202 
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where  is the sampling interval [30 s], xi and yi are east–west and north–south 204 

coordinates of the i-th station in the array with respect to a reference station [m], 205 

respectively; p and q are the assumed eastward and northward slowness of the propagating 206 

wave [s/m]; K is the number of samples in the time series; and M is the number of stations 207 

used to calculate the semblance. Here we define K as 120 (60 min) and M as the number 208 



of stations located within 200 km of the reference station. Figure 3b shows the estimated 209 

propagation velocities of the C(T) peaks. The C(T) propagation velocities observed 210 

before the Tohoku-Oki and Kumamoto earthquakes are estimated to be 0.37 ± 0.03 km/s 211 

and 0.11 ± 0.01 km/s, respectively. Therefore, the propagation velocity before the 2011 212 

Tohoku-Oki Earthquake is typical of the propagation velocity distribution of the non-213 

earthquake periods, whereas that before the 2016 Kumamoto Earthquake is close to the 214 

lower limit of those observed during the non-earthquake periods. However, neither of 215 

these suggested earthquake precursor signals possess values that are not seen during the 216 

non-earthquake periods. The claim by I&U17 that C(T) only exhibits a prominent feature 217 

in the pre-seismic case is therefore incorrect. Previous studies have indicated that the 65–218 

168 m/s pre-seismic C(T) propagation velocity range reported by I&U17 is not 219 

abnormally low as MSTID (e.g., Thome, 1964; Hansucker, 1982). For example, 220 

Hernández-Pajares et al. (2006) estimated 50–400 m/s MSTID propagation velocities for 221 

400–1200-s period signals observed using the GNSS network.  222 

 We can find no evidence that I&U16 and I&U17 have definitively captured the 223 

precursors of the two large earthquakes as they claimed, in terms of either the C(T) 224 

magnitude, anomalous area ratio, or C(T) propagation velocity. 225 

 226 



4. Nature of C(T) 227 

Finally, we discuss the nature of C(T) proposed by I&U16 and following papers by 228 

Umeno (Iwata & Umeno 2017, Goto et al. 2019). C(T) is inter-station average of the 229 

correlation between VTEC anomalies X(t) of the central and the surrounding 30 stations. 230 

X(t) is the difference between observed and predicted VTEC. During the training period, 231 

the VTEC is fitted with a polynomial function, which is somewhat unsuitable for 232 

predicting the future. The function sometimes draws a curve that deviates unrealistically 233 

from the observed value in the future prediction period, which is resulting from overfitting 234 

of small fluctuations that appear near the end of the training period (See Figure S1a and 235 

Movie S1). As a result, C(T) should not be an indicator of perturbation of the observed 236 

VTEC in the predicted period, but rather an indicator of synchronized small fluctuations 237 

among stations in the training period. We can see this in terms of the much larger 238 

magnitude of the obtained C(T) than the value expected from the observed VTEC. For 239 

example, Heki & Enomoto 2015 detected anomalies by fitting VTEC values over 80 240 

minutes time window with two straight lines with a break at the center of it. They then 241 

adopted a positive gradient change of 3.5 TECU/h between the two lines as a threshold 242 

for anomaly detection. Assuming that this gradient change of 3.5 TECU/h occurred for 243 

all stations in common, X0(t) and Xi(t) in Equation 1 can be approximated as 3.5jt/3600. 244 



Substituting these values into Equation 1, C(T) is only about 0.5 [TECU2]. In contrast, 245 

the actual C(T) is up to a few tens and a few hundred in some cases. This discrepancy 246 

comes from the fact that the method does not represent variation of VTEC during the 247 

prediction period, but rather the anomalous variation of the reference function itself. 248 

Somewhat interestingly, Their precursory C(T) variations (Figures 1 and 10 in I&U16; 249 

Figure 2 in I&U17; Figures 2, 3 and 4 in Goto et al. 2019; Figure S2) show a large 250 

oscillation with a period of about 15-20 minutes in C(T), which is also shown in non-251 

earthquake days (Figure S3). This oscillation period ranges within half of a typical 252 

MSTID period between 15-60 min (Hunscker 1982), reflecting the fact that C(T) folds 253 

the negative side of the VTEC sinusoidal variation, thus halving the period. Note that the 254 

period of C(T) in Figure S3b seems to be longer than that expected from the more frequent 255 

curvature change of VTEC in Figure S3a. Seeing how VTEC is fitted in Movie S2, it 256 

seems that the septic function cannot adequately trace this short period variation. 257 

Therefore, the oscillation period of C(T) seems to be determined by the constraint of the 258 

order of the fitting function and the oscillation period of the VTEC itself. 259 

Contrary to their claim that C(T) can selectively detect VTEC change of seismic origin, 260 

it is an indicator that amplifies small fluctuations synchronized between nearby stations, 261 

such as MSTIDs. 262 
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